Generation and detection of broadband airborne ultrasound with cellular polymer ferroelectrets
Charged cellular ferroelectrets are soft materials for electromechanical energy conversion, 1-3 ideally suited in piezoelectric sensing, 4 as well as for airborne ultrasound generation and detection [5] [6] [7] [8] with applications in nondestructive testing, ultrasound imaging, 8, 9 and acoustical sonar systems. 9, 10 In order to compare materials for their use in airborne ultrasound generation and detection, a figure of merit ͑fom͒ was introduced by a phenomenological consideration of energy balances F = k 4 / Z 2 , where k is the thickness extension coupling factor and Z is the acoustical impedance of the transducer material. [6] [7] [8] It was shown that cellular polymers possess the largest fom F, when compared with bulk and porous piezoelectric ceramics and ferroelectric polymers. 6 Here, we investigate the broadband airborne ultrasound generation and detection capabilities of cellular ferroelectret polymers. We show that the piezoelectric thickness extension resonance of such soft matter materials is affected by the acoustical coupling of the material to adjacent gases and derive the figure of merit rigorously from a plane wave acoustical model. Acoustical interferometers were used for investigating the propagation and dispersion of sound waves in gases. 11 By employing capacitive transducers with a solid dielectric, requiring a polarizing bias voltage for operation, the sound propagation in gases was studied in a cavity at high frequencies and low pressures. 12 The capacitive transducers employed were closely related to electret transducers, which operate without polarizing bias voltage. 13 Since cellular ferroelectret transducers resemble many features of their electret transducer counterparts, 14, 15 we have studied airborne ultrasound generation and detection with cellular ferroelectrets in an acoustical interferometer arrangement. In the thickness extension resonance of the cellular polymer, acoustical Fabry-Perot resonances are seen, indicating an efficient coupling of the cellular polymer to air. So the experiments demonstrate that cellular polymers are useful for the broadband generation and detection of airborne ultrasound, at least up to the fundamental thickness extension resonance of the film. Figure 1 shows the two experimental arrangements employed for studying the coupling of cellular polymers to gases. In Fig. 1͑a͒ , the cellular polymer is placed in an acoustical interferometer where standing acoustic waves in the air gap above the film are created and detected with the ferroelectret foil, while in Fig. 1͑b͒ , the lower film emits ultrasound, which is received by the upper film via an air gap. Impedance spectra are recorded for the arrangement shown in Fig. 1͑a͒ and for a film radiating into a half space with an Agilent 4285A LCR bridge, and for the experimental arrangement in Fig. 1͑b͒ , the excitation is performed with an Agilent 33250A waveform generator, while the piezoelectric voltage signal received by the second cellular polymer is measured via a high frequency lock in extender HMS Mod. 511 coupled to an EG&G 7260 digital lock-in amplifier.
A straightforward calculation shows that the formula for the dielectric thickness extension ͑TE͒ resonance modes of cellular polymer film resonators is modified according to 16 the ferroelectret, respectively, x f the thickness of the sample, and k t the longitudinal coupling factor. The complex frequency dependent factor H͑͒ describes the coupling of the resonator to the adjacent gas. For coupling to a semi-infinite medium, H͑͒ is given by
͑͒
where v m and m denote the velocity of sound and the density of the medium and i = ͱ −1.
For coupling to an air gap with a finite thickness x m , H͑͒ follows from
with ideal reflection at the material forming the upper boundary of the interferometer. Attenuation in the transducer and the gas is considered by the introduction of a complex speed of sound v of the
denotes the speed of sound and ␣͑͒ denotes the frequency dependent amplitude absorption coefficient. For laboratory, air in the frequency domain of interest ␣͑͒ can be written as a sum of the classical absorption term incorporating viscosity and heat conduction and a term representing molecular absorption, mostly from oxygen, 17 
, where v denotes the time to reach the thermodynamic equilibrium of molecular vibrations, cl is a classical relaxation time, C ϱ and C 0 are the molar heat capacities in the limit of high ͑f Ͼ Ͼ1 / v ͒ and low ͑f Ͻ Ͻ1 / v ͒ frequencies, respectively, and Q is the ratio of the speed of sound at high and low frequencies.
For the ferroelectret absorption coefficient, we have chosen a classical approximation for solids:
Ј . It must be noted that the plane wave formulations in Eqs. ͑1͒-͑3͒ are valid only when the diffraction and wave transmission into the transducer support can be neglected.
For a semi-infinite medium, the complex transfer function H͑͒ in Eq. ͑2͒ accounts for the loss of energy by radiation. Even when all quantities are real, i.e., at ideal elastic and isentropic conditions, H sim ͑͒ is complex. Therefore ͑͒ has an imaginary part, voltage and current have a phase lag of less than 90°, and the transducer is lossy.
From the form of H͑͒ in Eqs. ͑2͒ and ͑3͒, the influence of the ratio of the acoustic impedances of the medium and the transducer material on the radiation of sound and the strength of Fabry-Perot resonances can be deduced. In the combined Eqs. ͑1͒ and ͑2͒, the square root of the fom F is easily recognized. For frequencies well below the resonance frequency, the imaginary part of Eq. ͑1͒ can be approximated by
where R / 2 is the resonance frequency of the transducer, providing a rigorous derivation of the fom F introduced for comparing materials in airborne ultrasound applications.
In the case of an ideal lossless acoustic resonator, coupled to the transducer H fm ͑͒ is a real function and no energy is lost in the air gap. Fabry-Perot resonances occur at the extreme values of the function ͉H fm ͉͑͒ at Figure  2 shows the thickness extension resonance of a nominally 70 m thick cellular polypropylene film, covered with 100 nm thick aluminum top and bottom electrodes. The diameter d = 25 mm of the active sound radiating area of the sample is much larger than the average diameter around 100 m of the voids. The statistical nature of the material results in a rather broad thickness extension resonance, which is modeled by a large attenuation factor in the complex speed of sound of the cellular material. The cellular films are backed to glass slides with a thin layer of an epoxy glue to ensure mechanical clamping of the sample in the film plane. The effect of an air gap with a finite thickness of 12 mm is remarkable in the dielectric function of the cellular polymer, showing strong acoustical Fabry-Perot resonances caused by the standing acoustical waves in the gaseous medium, superimposed on the mechanical thickness extension resonance of the foam. Thereby, this experiment also nicely demonstrates the efficient coupling of the soft cellular polymer to gaseous media. By the division of the spectra shown in Fig. 2 with a spectrum obtained by radiating into a semi-infinite gaseous media, the acoustical Fabry-Perot resonances are extracted from the mechanical TE resonance, as revealed in Fig. 3 for the real part of the spectrum. Included in Fig. 3 is a calculation based on Eqs. ͑1͒-͑3͒ with the following parameters: a density of = 389 kg/ m 3 , a coupling factor k = 0.044, speed Note that there is no fitting parameter involved in the calculation, since the relevant parameters of the transducer material are known from the measurements described earlier. 21, 22 Though the relative humidity was only estimated, the agreement between the measurement and calculation is remarkable and shows the validity of the simple plane wave approximations used in describing the experimental results. A similar agreement is obtained for the imaginary part of the spectra. The chosen cellular polymer possesses a fom F = 4170 Grayl −2 , which may be compared with an average fom F = 200 Grayl −2 for ferroelectric poly͑vinylidene fluoride͒.
7 Figure 4 demonstrates the use of cellular polymers for broadband air borne ultrasound generation and detection in the transmitter receiver configuration of Fig. 1͑b͒ . Depicted is the piezoelectric signal received by the upper cellular polymer film at a distance of 16 mm ͑dark curve͒ and 27 mm ͑light curve͒ versus frequency, respectively. Figure 4 not only reveals the acoustical Fabry-Perot resonances but also the fundamental and third harmonic TE resonance modes of the cellular polymer for a distance of 16 mm, while the third harmonic is suppressed at a distance of 27 mm, due to the large acoustical attenuation of ultra-sound-waves in the gap. Thereby, the efficient and broadband generation and reception capability of ultrasound is demonstrated for cellular polypropylene ferroelectrets up to the fundamental TE resonance.
In summary, we have investigated the coupling of cellular polymers to gaseous media, and have shown a significant effect of the coupling medium on the resonance modes of the transducer. The measurements indicate that cellular polymers are well suited for broadband generation and detection of airborne ultrasound signals up to at least 300 kHz.
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